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I. INTRODUCTION 
The research performed under t h i s  con t rac t  i s  concerned w i t h  the 
i n v e s t i g a t i o n  o f  mass and heat  t r a n s f e r  phenomena associated w i t h  the  
growth o f  s i n g l e  c r y s t a l s  by chemical vapor t r anspo r t  reac t ions .  I n  
t h i s  technique, a  gaseous t r anspo r t  agent reacts  w i t h  the  s o l i d  source 
mate r ia l  t o  form exc lus i ve l y  gaseous products. The gas phase species 
migrate  from the  source t o  the  condensation zone o f  the  c losed reac t i on  
ampoule where t he  reverse reac t i on  occurs w i t h  format ion o f  s i n g l e  c r ys -  
t a l s .  The necessary concent ra t ion g rad ien t  i s  achieved by means o f  a  
temperature gradi  en t. 
The mate r ia l s  p resen t l y  under i n v e s t i g a t i o n  i nc l ude  I V - V I  and re-  
l a t e d  compounds w i t h  i n t e r e s t i n g  s t r u c t u r a l  and e l  ec t r on i c  p roper t ies .  
The choice o f  these systems f o r  ground-based t r anspo r t  s tud ies i s  two- 
f o l d .  F i r s t l y ,  t h e i r  c r y s t a l  lographic  s t ruc tu res  and thermodynamic- 
k i n e t i c  p roper t ies  ccver a  wide range. Secondly, developments i n  the 
area o f  device o r i en ted  app l i ca t i ons  i n d i c a t e  the  p o t e n t i a l  use o f  these 
systems, i n  p a r t i c u l a r  as components i n  a l l oy - t ype  semiconductors. Sys- 
tematic s h d i e s  n f  these mate r ia l s  w i l l  e s t ab l i sh  the f e a s i b i l i t y  o f  
d i f f e r e n t  classes ?f e lec t r on i c  mate r ia l s  f o r  c r y s t a l  growth from the 
vapor phase on ear th  and i n  space. 
The r e s u l t s  c f  our  Skylab and ASTP experiments on b i na ry  and mixed 
Ge-chalcogenides demonsti-ated d i s t i n c t l y  improved c r y s t a l  qua1 i t y  and 
considerably g rea te r  Illass t ranspor t  r a t es  i n  micro-grav i  ty  than expected 
f o r  a d i f f u s i o n  contro;led vapor t ranspor t  process. These observat ions 
have focused inc reas ing  a t t e n t i o n  i n  our  l abo ra to r y  on the  cont inued 
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inves t iga t ion  o f  the thermodynamic proper t ies o f  sol id-gas phase reac- 
t ions  and t h e i r  e f fec ts  on mass transport.  The resu l t s  o f  simultaneous 
fluid-dynaalic studies on the systems employed f o r  the Skylab and ASTP 
experiments w i l l  be reported separately. The present repor t  i s  con- 
cerned w i th  the inves t iga t ion  o f  "forward" and "reverse" t ransport  
phenon~ena i n  the SnS2-Sn14-iodine system. 
The combined e f f o r t  w i l l  lead to a conclusive i n t e r p r e t a t i o n  c f  pre- 
vious space exoerialents and w i  11 n ~ d u c c t  fuwlarlient.al data whi c l ~  are irvpor- 
t an t  f o r  the design and eva1i;ation o f  fu tu re  vapor a!use c rys ta l  qrovrth 
studies i n  micro-pravi  t y  environ~~ient.  
11. SIJWRY OF RECENT PROGRESS 
I n  order t o  invest igate gas phase t ransport  phenomena based on 
d i f f u s i v e  and/or convective flow, the composition o f  the gas phase i n  
terms o f  species and t h e i r  p a r t i a l  pressures must be dccurately known. 
This appl ies t o  the i n te rp re ta t i on  of experimental mass transport. data 
as wel l  as to the evaluat ion o f  fluid-dynamic pmper t ies .  I n  connection 
w i t h  transport studies on the SnS2-Sn14-iodi ne sys ten, i t was observed 
tha t  SnSZ can be tibansported i n  the fotward (high to  low te~nperatore) 
and reverse (low t o  high temperature) d i rec t ion .  The existence o f  both 
transport modes has a s i g n i f i c a n t  e f f e c t  on gas no t ion  and. thus, on the 
observed net  t ransport  rates.  This s i t u a t i o n  i s  even more colnplicated 
by the f a c t  t ha t  SnSp may undergo decomposition depending upon the ex- 
perimental parameters o f  the transport experiments. This repor t  i s  
concerned w i th  studies to  p red i c t  the net Illass transport d i r a c t i o n  i n  
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a mu1 ti-component, mu1 t i - r e a c t i o n  system. This i s  based on q u a n t i t a t i v e  
Knudsen-type vapor iza t ion  s tud ies,  on mass t ranspor t  experiments and on 
de ta i l ed  thermodynamic ca l cu la t i ons  o f  gas phase colnposi t i ons .  
11.1. Vaporizat ion Proper t ies  o f  SnS2 
Before re1 i a b l  e t ranspor t  experiments cou ld  be perfonned, the s ta-  
b i l i t y  range o f  SnS, had t o  be establ ished. Based on mass spectrometr ic 
- 
s tud ies . SnSE decomposes ineasurably a t  temperatures above about 353°C 
accordinq to  the reac t i on  
Higher molecular species were below the  de tec t ion  1 i m i t s  o f  the  inst*-;,- 
ment. Quan t i t a t i ve  Knudsen-type mass-loss measurements employing 
automatic vacuum micro-balance techniques i n  the  temperature range 
350° - 500°C y i e l ded  absolute p a r t i a l  pressures o f  S2 f o r  r eac t i on  (1)  
t o  be i n  t he  range 10" - 1 0 ' ~  atm. 
S im i l a r  mass spectr-ometric and micro-balance mass-loss measurements 
estab l ished the decomposition and absolute p a r t i a l  pressures f o r  Sn2S3 
according t o  the reac t ion  
I n  the temperature i n t e r v a l  400°C - 5 2 5 O C ,  the p a r t i a l  pressures o f  S 2  range 
from about ~XIO- '  t o  atm. 
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The f i n a l  decomposition product sublitnes congruent ly accot*ditig t o  
the  reac t i on  
The absolute .:art id1 Dressures o f  SnS(g) a t  tm~pera tu res  betwcetl about 
4 7 5 O  and 650°t a r e  i n  the t w g e  10" to  18 atni. 
These s tud ies  a lso  y i e l d e d  values f o r  t he  t i e \ ~ t s  o f  f o r vu t i o t i  atid 
absolute ent rop ies f o r  SnS2(s). Sn2S3(s) and SnS(s) to he used f o r  
themodynaniic c ~ l c u l a  t ions  o f  the tratispot-t s t u d i ~ s .  I n  c7rdr.t- t o  
ma in ta in  s t a b l e  SnS as source n ln ter id l  i n  t l l c  t ,nnspor t  c?xperin~etits. 2 
t l ie  Sp-par t ia l  pressures ntuduccd by tlir trat isport  rcact, iot is nlirst t~ t?  
qrca t e r  than the  equi 1 i h r i  ~tni constant o f  r eac t i on  (1  ) . Ilnder t l i cs r  
condi t ions,  r m c  t i o n  (1  ) cannot occur and,  conscq~rcnt ly,  t.r,~c t io t is  (2) 
arid ( 3 )  a r e  a lso  supprcsscd. The niinimm~m dliuunt o f  S t l i J  01- i iodiar 1.r- 
qu i red  to  y i e l d  p a r t i a l  pressure o f  S, txlual to o r  g r r a t ~ t .  t l inn tin o f  
L 
r eac t i on  ( 1  ) i s  based on tliei-ttndyrht~iiir ca lc~r la t , io t l s  disctrssrd t~c>lo\v. 
I 1  .?. !.lass Transport Rate Studics on SnS, 
. - - - --- . - - -.- -.- -- -,. -.-.-.- - -.-.- ...-.. . - - - ~ -  - -- .- L 
h s s  t ranspor t  r a t e  s tud ies on SnS2 wcre . e r f n ~ - t r ~ ~ d  i t 1  tlirc?c d i  f- 
ferrsrtt tet!~pern t u re  gt*[tdi cn t s  cuti!,! : ~ y i  rig S r i I  and r>loitoi t i o d i  tica, d l  
respec t i ve ly ,  as i n i t i a l  t ranspor t  agents. 
In the tmiprr,lt,ut.e i n t e r v a l  375" - 450°C atid w i t h  SnIq ad(it>d 
i n i t i a l l y ,  Snl; i s  tt*ansportcd from h iqh  to lo\v ;rtrd fronr low to  lii!lli 2 
- 4  t.ettioeratare. A t  low sressttrcs o f  SnIJ ( 1- l G  .ltni) t.cvprsc tnrt is l~ot ' t  
predominates (TI T,) and at l i ighrt .  pt*css~ti.r>s f ~ t w [ ~ t . d  tt..~tis)~ot.t, 
(T, TI ) occurs ( T ?  - TI ) . Rasnt 011 t.lic 1~1.cdo11ti na t i t  t-tut. t i o n  
L 
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only the forward transport of thls system i s  consistent with the endo- 
thermic nature (AH positive) of reaction (4). I n  the temperature 
gradients 52!i0 - 450°C and 650° + 550°C, fonrard transport (T2 + T1 ) i s  
observed for a1 1 pressures of Sn14 When elemental iodine i s  used as 
ini t ia l  transport agent in the grddient 375O -+ 450°C. SnS2 i s  trans- 
p r t e d  from low to high temperature. These observations cannot h2 
explained by the analogous redction 
w:lose AH predicts forward transport under thzse cdnditions. These 
discrepancies indicate the importance of other transport reactions 
and of higher molecular species. The results of the above experi- 
mental transport studies in terms of flux versus pressure are  based 
on a large number of individual experintents for each teaperature 
gradient covering pressure ranges between about loe5 and 1 . 5  a tsl and  
yielded reproducible data within :i 15% error linii t s .  
11.3. - -- Ther~nodynaniic .. - - Calculations .------ --- and the tlypo thetical - .--.--- Pressure -- P* 
Detailed thermodynamic calculations for the temperature gradient 
375O - 45Q0C for reactions ( 3 )  and (5)  and for the dissociation of 
iodine a n d  the association reactions of sulfur yielded partial pressures 
for the species Sn14, Sn12. 12,  I .  S2.  S5, S6. 5 ,  and S8. The concen- 
traticn of other species i s  negligible. These calculations were yer- 
formed for different total pressures ranging fl-011~ J to 1 at.m. The 
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r e l a  t i  ve importance o f  the var ious syeci  es i s  pressure c!ependertt and 
c o n f i m  tha t  r eac t i ov  ( 4 )  i s  dominant a t  a l l  ~r-essur-cs w h w ~  SnI4 i s  
added i n i  t i a l  l y .  Tile observation o f  reverse * ranspor t  a t  low prcssurcs i s  
due t o  k i n e t i c  l i m i t a t i o n s  o f  r f i ~ c t i o n  ( 3 )  and the s i t ru l  t ,~ncot~s occur.- 
rence o f  o t he r  reac t ions .  This i s  based on the pressur.e depetriietlce o f  
the r a t i o  P(12)/P(Sn14) which i s  a ~ i ~ ~ i r i i t ~ n r  i t  low pt.essur.~s and d w r m s e s  
w i t h  increas ina t o t a l  ~ ressu t -e .  Thus, a t  very low pressur.cs, t i le  SnS,- 
L 
SnI system behaves as i f  ele~net i ta l  i od i t l c  was at lde~l  i n i t i a l l y .  :Jit l l  4 
i ncreasl  ng Sn14 pressure. k i  n e t i  c 1 inri t a  t io t is  at-e reduced and t i le  sys t rm 
t ranspor ts  as p red ic ted  by the  thernndyrlanric p rope r t i es  o f  r eac t i on  ( 4 ) .  
I f  reac t i on  ( 5 )  i s  expressed i n  ternrs o f  the h i ghc r  trk~lcctrlar. str l fut-  
species 
where i = 5.6.7. o r  8. t l le  exath~r-rnic n,1tur8e (.\It nc!~at ive)  o f  t . c , ~ ~ t i i ~ n  
( 5 ' )  i s  cons is te t l t  w i  tll reverse tr*anspor.t \vlrcn i o d i  trc i s  added i n i t i a l  l y .  
These ca l cu l a t i ons  i n d i c a t c  t h a t  the h iqher  nn l tx t r la t '  spttcics a1.t.l it:ipclr--, 
t an t  f o r  the  ne t  auss t ranspor t  o f  st11 f u r .  
I n  o rder  t o  general i re t!le above ohser.vcd fom,~t.d ,\nd r V v c r s r  
t ranspor t  phenoniend f a r  t h i s  systenr, the conct?pt of  tlre Ir.ypoti~t\tic,\l 
pressure P* o f  SnS i s  c?lilploye~l. I n  t l l c  ahset~cu o f  k i n e t i c  1 i m i  t ,~ t ior rs ,  2 
the net  t ranspor t  d i  rec t i o n  can he pr.cdic tell trdsctl otl tllr. Ilypo tilt3 t i cltl 
pressure P* o f  SnS2. d r f i s e d  as the "so l l rh i l  i t y "  o f  StrS, i n  tt lc g.1~ 
C. 
phase as a r e s u l t  o f  t ranspor t  ISC,IC t.irrns. T h i ~  l r , ~ d s  to  tl1t7 di ' f i t i i  t . ion 
o f  A?* given by the cquat ion 
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where T2 > TI. The s o l u b i l i t y  o f  SnSZ i s  represented by the sum o f  t h e  
s u l f u r  p a r t i a l  pressures i n  terms o f  S2 molecules, 
P*(SnS2) = P ( s ~ )  + 5/2 P(S5) + 3 P(S6) + 7/2 P(S7) + 4 P ( S 8 )  (7) 
The ~ a r t i a l  oressures a re  ca l cu l a ted  a t  T2 and T, based on the  above 
i nd i ca ted  reac t ions .  The q u a n t i t y  AP* i s  ca lcu la ted  f o r  d i  f f e r e n t  
temperature g rad ien ts  as a  f u n c t i o n  o f  t o t a l  pressure o f  the  system. 
When LIP* i s  pos i t i ve ,  f o m a r d  t r anspo r t  (T2 - TI) i s  dominant. For 
r legat ive values o f  AP*, ne t  reverse t r anspo r t  w i l l  occur. The presence 
o f  bo th  forward and reverse t r anspo r t  imp1 i e s  the ex is tence o f  an i nver- 
s i o n  temperature a t  which t he  " s o l u b i l i t y "  o f  t h e  sol  i d  i s  a  minimum. 
Ca lcu la t ions  o f  AP* as a  f u n c t i o n  o f  pressure reveal  t h a t  the i nve rs i on  
pressure (change i n  t ranspor t  d i r e c t i o n )  occurs a t  h igher  t o t a l  pressures 
w i t h  inc reas ing  temperature. These ca l cu l a t i ons  a r e  cons is ten t  \~i  t h  
present  observat ions and previous s tud ies  on the SnS2-Sn14-iodi ne sys tem. 
The con~hi ned experimental and t heo re t i ca l  s tud ies  demonstrate t h a t  
t he  ne t  t r anspo r t  d i r e c t i o n  o f  a  mu1 ti-component mu1 t i - r e a c t i o n  system 
can be re1 i a b l y  pred ic ted.  This i s  based on a  thorough experimental 
approach and q u a n t i t a t i v e  thermodynamic computations. Since "reverse" 
t r anspo r t  phenomena a re  nmst 1  i ke ly  more frequent than p resen t l y  known, 
t h e  above r e s u l t s  a r e  o f  bas ic  s c i e n t i f i c  and o f  p r a c t i c a l  importance 
f o r  the o r e d i c t i o n  o f  the t r anspo r t  d i r e c t i o n  and f o r  the op t im i za t i on  
o f  c r y s t a l  growth cond i t i ons .  The above s tud ies a re  be ing prepared f o r  
pub1 i c a t i o n .  
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I I I. DIRECTION OF CONTINIJED RESEARCH 
The major d i r e c t i o n s  o f  cont inued research on c r y s t a l  gtao\qt.h by 
chemical vapor t ranspor t  under t h i s  c o n t r a c t  a re  as fo l l ows :  
1.  Fur ther  appl i c a  t i ons  o f  tl~ernlodyriamic aspec: , to general i ze trans- 
p o r t  behavior and t o  p r e d i c t  the invers io t i  tempera t u r c  o f  sys tellis. 
2. Continued i nves t i ga t i ons  o f  f l u id -dynan ic  p roper t ies  o f  trdnspot-t 
systens, i r l c lud ing  temperature measurements i ns i de  aaipoulcs and t l l e  
e f f e c t  o f  o r i e n t a t i o n  w i t h  respect to  the g r a v i t y  vector  on f l u x .  
(Progress i n  t h i s  area \ v i  11 be repor ted  separa t e l y )  . 
3. Continued growth r a t e  s tud ies  to  d i f f o - e r i t i a t e  hct\vcen t l i c  e f fec ts  
o f  gas r o t i o n  (convect ion)  and growth mechanis~!i on c r y s t a l  nlorphology. 
Cotv-eiation between gro\.rth r a tes  and bondi rig f o r  d i  f f c r e n t  ct-ys t a l  l o -  
graphic o r i en ta  t i ens .  
The coar!)ined rosu l  t s  o f  t h i s  research ptngrzlln a re  o f  pract.ica1 
imoortance f o r  the space processing o f  sing1 e c r y s t a l s  o f  presn lected 
o r i e n t a t i o n  and growtl l  v e l o c i t y .  
L 
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STATEMENT OF FUND1 NG STATUS 
A.  Expenditures t o  Date: 
03-09-78 
1 .  Personnel 
Salaries and !*lages 
( including overhead and f r inge  benef i ts )  $ 221,743.09 
2. Supplies and Expenses 21 ,4P5.40 
3. Special Equipment 8,033.11 
4 .  Travel 
TOTAL 
B .  Funds Required for Completion: 
Unexpended balance o f  hudget 
C.  Pmbl em Areas : 
None 
